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Introduction

The purpose of this research is to (1) determine using human prostate cancer samples
whether Pim is over expressed in tumors with normal PTEN levels, (2) decipher the
biochemical mechanism of action by which Pim regulates growth of prostate cancer cells,
and (3) to use transgenic mice to understand whether Pim over expression is necessary
for c-Myc induced growth of prostate cancer cells. The scope of this research involves
studying normal prostate epithelial cells in tissue culture, malignant human prostate
cancer cell lines, and nude mice with subcutaneous tumors, and transgeneic mice
specifically expressing these genes in mice. The research sponsored by this proposal has
led to the publication of an article in Molecular Cancer Research, and a paper accepted in
Oncogene both dealing with the mechanism of action of the Pim-1 protein kinase.

Body

Task 1 - The goal of this task was to determine how Pim-1 levels are regulated in prostate
cancer tissues. In the first year of this proposal we have seen that Pim appears to interact
with PP2A. This is an important interaction because it suggests that an enzyme, PP2A,
that controls both the c-Myc and TOR pathways may also be regulating Pim protein
kinase.

Figure 1 Pim-1 protein levels are negatis

HA-PP2Ac(ugDNA) 0 05 1 2 PP2Ac. (a) Increased cellular PP2A activity decreases Pim-1
Pim-1(0.5pgDNA) + + + + and Pim-2 protein levels. HEK-293T cells were

HA-PP2Ac N contransfected with 0.5 pg pcDNA3/ Pim-1 or Pim-2,

total PP2AC e S5 S0 0 < Runx1, and increasing amounts of pD30-PP2A-HA-C, 0.5

Pim-1 Paedag: pg, 1 pg to 2 pg, as indicated. Control empty pcDNA3

GAPDH S e vector was added to ensure that the total amount of plasmid

DNA per transfection was identical. Whole-cell lysates were

HA-PP2Ac(ugDNA) 0 05 1 2 collected at 36 h post-transfection. Western blotting was
Pim-2(0.5ugDNA)  + + + + carried out using anti-HA (for exogenous PP2Ac), anti-

Pim-2 - - PP2Ac (for total PP2Ac), anti-Pim-1, anti-Pim2, and anti-

GAPDH - - . s His for the detection of the Runx1 control, and anti-GAPDH

another control.
HA-PP2Ac(ugDNA) 0 05 1 2

His-Runx1(0.5ugDNA)  + + + +
His-Runx] s s e s To evaluate the effect of PP2A on the levels

GAPDH e of Pim we transfected 293T cells and prostate
cells (data not shown) with Pim proteins and also with HA-PP2Ac.
Now we demonstrate that PP2A levels appear to control the levels of Pim-1. This result
can be seen in Figure 1 where increases in PP2A led to decreases in Pim-1 protein levels.
Thus, increases in PP2A activity enhance both the degradation of Pim-1 and the c-Myc
protein. This could suggest that in tumors the levels of PP2A must be regulated to
modulate prostate cancer tumor growth.

Figure 2 PP2A dephosphorylates Pim-1 in vitro, and decreases Pim-1 kinase
activity. In vitro dephosphorylation assay. HEK 293T cells were transfected  rggombinant PP2A(unit) 0 1 2
+

with 2 pg pcDNA3/Flag-Pim-1. After 36 h transfection, the Flag-Pim-1 Flag-Pim-1(2ugDNA) + +
proteins were labeled by incubating the cells in media containing [**P]

orthophosphate for 4 h followed by the immunoprecipitation of Flag-Pim-1 phos-Pim-1— -
proteins.

phos-Histone H1— i e
Pim-1 [ -



This decrease in Pim-1 protein levels is associated with a decrease in the ability of Pim-1
to phosphorylate its substrates (Figure 2). To test this possibility the [**P] orthophosphate
labeled-Flag-tagged Pim immunoprecipitates were treated with or without recombinant
PP2A (A/C dimer) in an in vitro phosphatase reactions. 40% of the reaction products
were analyzed by autoradiography (upper row), 10% were used in a Western blotting for
measuring the total amount of Pim-1 in each group by using anti-Pim-1 antibody (bottom
row), and 50% of the immunoprecipitate was washed and then subjected to a kinase assay
with histone H1 as a substrate (middle row). As can be seen increases in PP2A lead to
decreases in Pim activity.

Task 2- The goal of this next task was to understand how PP2A is interacting physically
with the Pim-1 protein. The PP2A protein is composed of an A, B, and C subunit. The A
subunit works as a scaffold, while the B subunit targets this phosphatase to specific
substrates, and the C subunit is the catalytic moiety. To discover how Pim is regulated by
PP2A we have incubated Pim with varied PP2A beta subunits. We find that Pim-1 binds
tightly to the B56beta subunit as shown in this coimmunoprecipitation experiment
illustrated below in Figure 3.

O oo @ > > W W W W

HAtagged S 8 8 8 8 8 8 8 8 8 Figure 3 Pim-1 specifically associates with B56f in
g B ? = ‘f o 'f e c': i cf e vivo. (a) Pim-1 coimmunoprecipitates with the B56p

= B subunit. Pim-1 was contransfected with 0.5 pg HA
£ tagged B56a, -B, -y, -8, -¢ subunits into 293T cells.
a| HA(BS6) - Whole-cell lysates were collected at 48 h
§ posttransfection and immunoprecipitated with anti-HA
g|FagPim-H @ @& @& = beads. 5% of the lysates were saved for input detection
e and 50% of the immunoprecipitation samples were

Lysate: HA(B56) S —— pp— analyzed by Western blotting with anti-HA to recognize

the B56 subunits, and anti-Flag to measure Pim-1.

To examine what portion of the Pim-1 molecule bind to PP2A we generated cut backs in
Pim-1 protein cDNA and expressed these in cells along with PP2A. We find by this
technique that the sequence between 140 and 177 is essential for the interaction of these
two proteins. This result is illustrated in Figure 4. These studies demonstrate the close
physical interaction between PP2A beta subunit and Pim-1.

Figure 4 Identification of Pim-1 domain responsible for

. . . . a
banding to B56f. (a) Structural domains of Pim-1 and Pim-1 — o
deletion mutants use in these experiments are represented as  constructs 8568
black bars. (b) BS6p binds the hinge region of Pim-1. HEK- e .
293T cells were cotransfected with the HA-B56f (full length) 0?:1,'3:3:;‘], =
along with the empty cDNA (mock) or the indicated Flag- Acram), —————— +
. . . . AC (1177) ——— +
tagged Pim-1 deletion mutants. The Flag-Pim-1 proteins were
immunoprecipitated with anti-Flag beads and immunoblotted b —
with anti-HA antibody to detect B5S6P or anti-Flag to measure Flag tagged = @ S g
Pim-1. : 2389 %
Pim-1constructs| = & = = = x
EEEEE
HAtagged BS6R| + + + + + +
B
= HA (B565) [ === - ===
E
e - o
5 § Flag(Pim-1) -.-.-- «Light chain
o - . —Pim-1

Lysate: HA (BSGR) | e s s e @



Task 3- The goal of this next task is understand how Pim-1 is degraded. To check
whether Pim-1 might be regulated by ubiquination we transfected Pim along with an HA-
tagged ubiquitin  vector. First, we

T @ © . . ...
g 8 € demonstrated that Pim-1 is ubiquitinated so
shRNA 8 o § . . .
‘ that the degradation of Pim-1 is clearly
Flag-Pim-1 +

+ - . .
B o mediated by the proteasome. Interestingly, the
Ubiquitin I. ﬁ] wagimedlevels of ubiquitination of Pim-1 are mediated

E

F; _ by the presence of absence of PP2A B56beta

e Fior =< protein. Knockdown of this subunit using
% Pim-1 |- RNAi clearly demonstrates that the
7| GAPDH [ i ubiquitination of Pim-1 decreases (Figure 5)

with inactivation of PP2A.  Thus, PP2A
controls the levels of Pim protein by regulating ubiquitination.

Figure 5 - Ubiquitinylated Pim-1 protein is decreased by B56p knockdown. HEK-293T cells were contransfected with
CMV-HA-ubiquitin, pcDNA3/Flag-Pim-1, and shRNA expression vector [scrambled control or targeted to B56f] for
48 h. Cells were then maintained in DMEM containing 1% FBS with 1 uM Bortezomib for 6 h. Cells were harvested
and lysates were divided for immunoprecipitaion with anti-Flag beads or for input detection. 5% of the lysates sample
was used for input detection and 50% of the immunoprecipitation samples were analyzed by Western blotting with
anti-ubiquitin and anti-Pim-1.

Secondly, we find that Pim-1 binds to the prolyl isomerase Pin-1. Pin-1 is an important
enzyme that is necessary for the isomerization of proline residues. The binding of Pin-1
to Pim-1 appears to decrease the level of Pim-1 in the cells. To evaluate this possibility
we transfected Pim-1 and Pin-1 into cells and asked whether they coimmunoprecipitate.
The results of experiments demonstrating these points are seen in Figure 6.

Figure 6 The Pinl Isomerase Associates with Pim-1 and B56[ and facilitates Pim-1 degradation. (a) HEK-293T cells
were contransfected with 1 pg CMV-HA-Pinl, and (or) 1 pg pcDNA3/Flag-Pim-1, 1 ng pCEP4HA-B56B, as indicated.
Anti-Flag immunoprecipitations were carried out on cleared
lysates. 5% percent of the extract was used to measure
transfected protein levels while 50% of the immunoprecipitates
were analyzed by Western blotting with anti-HA for B56p, a

Pinl, and anti-Flag for Pim-1. (b) Knockdown of Pinl results H:AB:IE?[; f : :

in increased Pim-1 expression. (Upper panel)HEK-293T cells Flag-Pim-1 + + -

were contransfected with 0.5 pg HA/Pinl, and increasing B

amounts from 1 pg to 2 ug of shRNA-Pinl (Sigma Mission < o N —B563
shRNA, Cat No. TRCN0000001034). Cells were maintained in E (B56B &

DMEM supplemented with 2% FBS for 72 h. Lysates were = Pin1)

prepared and normalized for Western blotting. (Bottom panel) P N . i1

Cells were contransfected with 0.2 pg pcDNA3/Pim-1, and a Flag(Pim-1) e e Py
increasing amounts from 1 pg to 2 pg of shRNA-Pinl. Cells

were maintained in DMEM supplemented with 2% FBS for 72 +B56p
h. Lysate

Task 4- The goal of this task is come up with a
model that explains the control of the
intracellular levels of Pim-1. Based on the
results of Task 1-3 we have derived a model of
how the level of Pim-1 protein may be
controlled in prostate tumor cells. Lesions in
any of these control mechanisms could elevate

HA (B56, Pin1)

“Pin1

HA-Pin1 (0.5pgDNA) + + +
shRNAPin1(ugDNA) 0 1 2
HA(Pin1)
GAPDH

Pim-1(0.2ugDNA) + + +
shRNAPiIn1(ugDNA) 0 1 2
Pim-1 ———

GAPDH e s o



the levels of Pim-1 protein. This mechanism suggests that Pinl binds to Pim-1
isomerizing the protein. This leads to PP2A binding, dephosphorylation of Pim-1, and
the ubiquitination of the Pim-1 protein. Degradation of Pim-1 then follows (see Figure 7
below). Clearly, a decrease in the activity of PP2A will lead to increases in Pim-1. The
increase in Pim could be regulated in parallel to the c-myc protein, and help us to explain
why both of these proteins are elevated in prostate cancer.

Figure 7 Hypothetical model of Pim-1 degradation by the proteasome mediated by Pinl and PP2A.

Ubiquitin
O O proteasome
O . @ P pathway



Research Accomplishments

Increased PP2A activity negatively regulates Pim-1 protein levels

PP2A dephosphorylates Pim-1 and decreases Pim-1 kinase activity

The PP2A B56 beta subunit associates with Pim 1 in cells

Knockdown of B56 beta increases Pim-1 protein expression

B56beta affects the half-life and ubiquitinylation of Pim-1

The Pinl proplyl isomerase associates with Pim-1 in vivo and facilitates Pim-1
degradation.

Knockdown of B56 beta increases cell viability in Pim containing but not negative
cell lines

A new model can be constructed to understand control of Pim levels.
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Conclusions

The results from year 1 of this proposal clearly demonstrated that Pim-1 makes prostate
cancer grow faster and makes the tumors resistant to chemotherapy. The biochemical
mechanism for this effect is suggested by the observation that the Pim protein kinase
appeared to regulate the TOR pathway and inhibit the activity of PP2A. Inhibition of
PP2A was felt to increase the activity of c-Myc. To understand in more depth how Pim-1
is functioning, we have focused on the regulation of Pim-1 by the PP2A phosphatase.
We find that PP2A activity decreases both the level and activity of the Pim protein
kinases. Okadaic acid and the SV40 small T antigen that are known modulators of PP2A
inhibit this effect. Our results demonstrate that Pim-1 binds to the beta subunit of PP2A.
Based on the observation that the Pin-1 proplyl-isomerase binds Pim-1 and decreases the
level of this protein we have arrived at the following hypothesis. We believe that Pim-1
is phosphorylated, allowing the binding of Pin-1. Isomerization of the molecule then
allows the interaction with PP2A B subunit. Pim-1 is then dephosphorylated and this
then allows the molecule to be ubiquitinated and degraded. Since PP2A plays an
essential role in regulating the TOR pathway, these observations connect growth factor

signal transduction and Pim levels in prostate cancer.
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Pim Family Kinases Enhance Tumor Growth of

Prostate Cancer Cells
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Abstract

Recent analyses indicate that the expression of the
Pim-1 protein kinase is elevated in biopsies of prostate
tumors. To identify the mechanism by which the Pim
kinases may affect the growth of prostate tumors, we
expressed Pim-1, Pim-2, or a kinase-dead Pim-2 protein
in human PC3 prostate cancer cells. On implantation of
the transfectants in nude mice, the growth of the cells
expressing Pim-1 or Pim-2 was significantly faster than
the growth of the control cells transfected with the
neomycin-resistant gene or the kinase-dead Pim-2
protein. When grown in medium, the doubling time of
the Pim-1 and Pim-2 transfectants was faster (0.75
days) than that of the control cells (1.28 days). We,
therefore, examined the ability of Pim to control the
phosphorylation of proteins that regulate protein
synthesis. On growth factor starvation or rapamycin
treatment, the Pim-1 and Pim-2 transfectants
maintained their ability to phosphorylate 4E-BP1 and
S6 kinase, although this phosphorylation did not occur
in the control-transfected PC3 cells. We have found that
the cellular levels of c-Myc were elevated in the Pim-1
and Pim-2 transfectants under these conditions. The
Pim-1 and Pim-2 transfectants have lower levels of
serine/threonine protein phosphatase 2A (PP2A)
activity and the o- and 3-subunit B56y of the PP2A
phosphatase do not coimmunoprecipitate in these
cells. Thus, the effects of Pim on PP2A activity may
mediate the levels of c-Myc and the phosphorylation of
proteins needed for increased protein synthesis. Both
of these changes could have a significant impact on
tumor growth. (Mol Cancer Res 2005;3(8):443-51)
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Introduction

Prostate cancer is the most common malignancy diagnosed
in men in the United States. Recent evidence suggests that
the Pim family of protein kinases may play a role in the
development or progression of this cancer. The report of
elevated levels of pim-/ in human prostate tumors on cDNA
and microarray analysis implicates the Pim family of serine/
threonine kinases in the progression of human prostate tumors
(1). In transgenic animal models, Pim-1 expression has been
shown to be elevated in prostate tumors that are caused by
overexpression of the c-myc oncogene (2). Although the Pim
kinases have been identified as oncogenes in transgenic models,
by themselves they are only weakly transforming. They have,
however, been shown to greatly enhance the ability of c-myc
gene to induce lymphomas (3, 4). The regulation of the
expression of the Pim kinases and their function has been
analyzed extensively in hematopoietic cells. It has been shown
that the levels of Pim-1 and Pim-2 protein can be regulated by
the addition of granulocyte-macrophage colony stimulating
factor, interleukin-3, and interleukin-7 to normal hematopoietic
cells (5) through activation of the Janus-activated kinase/signal
transducers and activators of transcription pathway (6). In
addition, tumor necrosis factor and Toll-like receptor ligands
have been shown to induce the expression of Pim-1 (7-9).
Although the overexpression of either Pim-1 or Pim-2 factor—
dependent hematopoietic cells makes them resistant to
apoptosis induced by interleukin-3 withdrawal (10-12), ki-
nase-dead mutants of pim-/ do not protect against apoptosis
(13, 14). 1t also has been shown that the BH3 protein BAD can
be phosphorylated by Pim-1 and Pim-2 and protect against
apoptosis (12, 15).

Other previously described phosphorylation targets include
HP-1 (16), cdc 25A phosphatase (17), and SOCS-1 (18). More
recently, Pim-2 has been shown to phosphorylate the ribosomal
protein 4E-BP1, causing it to dissociate from elF-4E, which
may affect protein synthesis (11). These data indicated that the
ability of these protein kinases to inhibit cell death and regulate
tumorigenesis is likely controlled by phosphorylation of
specific target proteins. To explore the role of Pim in human
prostate cancer, we have established overexpressor cell lines in
PC3 cells.

Results and Discussion

To investigate the role of the Pim protein kinase family in
controlling prostate cancer growth, we have created PC3 human
prostate cancer cell lines that overexpress either murine Pim-1
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FIGURE 1. Pim kinases enhance the growth PC3 prostate tumor cells
implanted in BALB/c nu/nu mice. A. Cell lines were established from PC3
cells that had been transfected with Pim-1, Pim-2, a kinase-dead mutation
of Pim-2 (Pim-2 K/A), or the neomycin resistance gene. The expression of
Pim-1 and Pim-2 in the cell lines is equivalent as indicated by Western blot
analysis of cell lysates on 10% SDS-PAGE using monoclonal antibodies
(12) to probe the blotted polyvinylidene difluoride membrane. The PC3/
neo transfectant does not express levels of Pim-1 or Pim-2 that are
detectable using this technique. B. PC3/neo, PC3/Pim-1, PC3/Pim-2, and
PC3/Pim-2 K/A cells (2 x 10° per xenograft) were injected subcutaneously
into the flanks of BALB/c nu/nu mice with five mice in each group with four
tumors injected into each mouse. The tumor volume was calculated from
caliper measurements in two dimensions at the indicated time points.
Points, mean of 20 measurements (four tumors per mouse and five mice
per group); bars, SD. The growth of Pim-1— and Pim-2—containing tumors
are shown as overlapping lines.

or Pim-2. At the amino acid level, human and mouse Pim-1 are
89.9% identical, whereas the Pim-2s are 86.4% identical. We
have created two control cell lines by transfecting PC3 cells
with either a kinase-inactive form of Pim-2 that was generated
by mutating Lys'*° to alanine using the Quik Change Site-
Directed Mutagenesis kit (Stratagene, La Jolla, CA) or the
neomycin-resistance gene (Fig. 1A). These are called PC3/Pim-
1, PC3/Pim-2, PC3/Pim-2 K/A, and PC3/neo, respectively. To
evaluate the effect of increasing Pim levels on tumor growth,
the cell lines were injected subcutaneously into BALB/c nu/nu
mice. Both PC3/Pim-1- and PC3/Pim-2-derived tumors
(overlapping growth curves in Fig. 1B) grew significantly
faster than PC3/neo—derived tumors when comparing tumor
size on day 33 (paired Student’s ¢ test PC3/neo compared with

PC3/Pim-1, P < 1.36 X 107% PC3/neo compared with PC3/
Pim-2, P <3.33 x 10~°). Interestingly, the kinase-dead Pim-2—
transfected cells did not grow well as tumors (Fig. 1B). It is
possible that kinase-dead Pim acts as a dominant-negative
mutation inhibiting protein synthesis or phosphorylation of
specific substrates and blocking tumor growth.

To examine whether Pim stimulates the growth rate of PC3
cells, we measured the growth rate of the Pim transfectants in
tissue culture medium by plating the cells at a low density and
counting cell numbers over time (Fig. 2A). Under these
conditions, both the PC3/Pim-1 and PC3/Pim-2 transfectants
had a doubling time of 0.75 days, whereas the doubling time of
the PC3/neo and PC3/Pim-2 K/A cells was almost twice as
long at 1.28 and 1.20 days, respectively. 4',6-Diamidino-2-
phenylindole staining of the cells disclosed that there was no
significant difference in the rate of apoptosis between the
different transfectants. We then examined the effect of Pim on
cell growth under nutrient-limiting conditions; we starved cells
of growth factors or treated them with rapamycin, which is
known to block cells in the G; phase of the cell cycle (19). As
expected, under these conditions, the PC3/neo and PC3/Pim-2
K/A cells were blocked in the G; phase of the cell cycle;
however, at least over the short time period of this assay, the
cell cycle distribution of the PC3/Pim transfectants was not
affected significantly (Fig. 2B).

As Pim-2 has been shown to regulate the phosphorylation of
proteins that control protein synthesis in hematopoietic cells
(11), we investigated whether a similar mechanism might be
operative in prostate tumor cells by determining the ability of
overexpression of the Pim protein kinases to enhance the phos-
phorylation of 4E-BP1 and S6 kinase. The cell lines were either
exposed to serum deprivation and nutrient starvation, treated
with rapamycin, or treated with the two regimens in combina-
tion. The activity of target of rapamycin (TOR) is inhibited by
the dose of rapamycin used in these experiments (20).

4E-BP1 is highly phosphorylated on Thr*’, Thr*®, Thr’°,
Ser®®, Ser®®, Ser'®, and Ser''’. A two-stage mechanism of
phosphorylation has been proposed in which Thr’” and Thr*
are phosphorylated and then allow phosphorylations to occur
on Ser® and Thr’® (21). The latter two phosphorylations are
essential for inhibiting the binding of 4E-BP-1 to eIF4E (22). A
number of the phosphorylations may be minor, including Ser®?,
or constitutive, e.g., Ser'’’ and Ser''? (23). More highly
phosphorylated 4E-BP1 has been associated with the malignant
phenotype in human mammary epithelial cells (24). On SDS
polyacrylamide gels, the more highly phosphorylated 4E-BP1
has been labeled y, whereas the least phosphorylated form is
denoted o (Fig. 3A; ref. 24). Multiple protein kinase pathways
are thought to play a role in regulating phosphorylation of
4E-BP1. TOR activity may be required as a priming event
stimulating the phosphorylation of Thr’” and Thr*®. The protein
kinases that phosphorylate Ser®® and Thr’ have not been fully
identified. It has been suggested that these phosphorylations
may be downstream of the extracellular signal-regulated kinase
or protein kinase B and directly regulated by insulin and
phorbol esters (25, 26). We show that the addition of
rapamycin, and to a lesser extent serum starvation, to wild-
type PC3 cells markedly diminishes the phosphorylation of
Thr’’, Thr*®, and Thr’® (Fig. 3A). In Pim-containing cells

Mol Cancer Res 2005;3(8). August 2005
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growing in serum, the presence of either Pim-1 or Pim-2 seems
to enhance the phosphorylation of 4E-BP1. In Pim-2—
containing cells, neither serum starvation alone nor in com-
bination with rapamycin decreases this phosphorylation. In

Pim-1—containing PC3 cells, there is a clear decrease in
phosphorylation with these treatments although there is no
decrease to baseline. It is possible that Pim-1 may not function
identically to Pim-2. We have found that transfected Pim-1 is
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FIGURE 2. Expression of Pim-1 or Pim-2 enhances the doubling time of PC3 prostate tumor cells in culture. A. The PC3 cells were plated at low density in

triplicate wells and the cells harvested and counted at the indicated time points. Points, average of triplicate determinations; bars, SD. B. PC3 cell lines were
starved of serum (—S) for 24 hours then either treated with rapamycin (80 nmol/L) for an additional 24 hours (+Ra) or maintained under serum-free conditions.
The cells were then trypsinized, fixed in 70% ethanol, stained with propidium iodide, and subjected to DNA histogram analysis by fluorescence-activated cell

sorting. The results presented are the average of triplicate determinations. However, cell cycle histograms representing individual experiments are shown.
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minutes before homogenization.
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largely located in the nucleus (27), whereas Pim-2 is thought to
be cytoplasmic. Pim-1 could function in the nucleus to effect
the transcription of proteins that modify the function of TOR,
e.g., rictor and raptor, or specific phosphatases that regulate
these proteins. Pim-2 could work directly in the cytoplasm to
phosphorylate 4E-BP1 or regulate the activity of specific
phosphatases.

A number of possibilities may explain these results. The Pim
protein kinases may be phosphorylating Thr’’ and Thr*®
directly, mimicking TOR and enabling the phosphorylation of
Ser® and Thr’® by additional protein kinases. Or, Pim may be

phosphorylated p70 and p85 S6K
protein; arrows, multiple forms of
4E-BP1doublet points at the mul-
tiple phosphorylated forms of 4E-
BP1. B. RNA interference was
used to validate the role of Pim-2
in controlling 4E-BP1 phosphory-
lation. PC3 cells expressing Pim-2
were transfected with an RNA
interference that knocks down
Pim-2 protein levels. Cells were
then starved of serum for 24 hours
followed by treatment with rapa-
mycin (80 nmol/L) and wortmannin
(20 nmol/L) for an additional 24
hours. Extracts were run on SDS-
PAGE gels and immunoblotted
with antibodies to the phosphory-
lated form of 4E-BP1, 4E-BP1,
Pim-2, and GAPDH.

responsible for Ser® and Thr’® phosphorylation. Other
possibilities to explain Pim-2 protein kinase activity include
regulation of the rapamycin-insensitive TOR complex bound to
the protein rictor (28) or modulation of the protein phosphatase
2A (PP2A) activity that is an important regulatory protein in the
TOR pathway in yeast (29). The S6 kinase message encodes
two isoforms, p70 and p85 (30). Like 4E-BP1, S6 kinase is
activated by a two-step mechanism by which TOR phosphor-
ylates multiple sites (Ser4“, Ser*!®, Ser*?** and Thr421), which
is then followed by an activating phosphorylation (Thr*?°) by
PKDI protein kinase (31). We find that amino acid starvation

Mol Cancer Res 2005;3(8). August 2005



Pim Protein Kinases Regulate Prostate Cancer Tumor Growth 447

and rapamycin treatment markedly decreases the phosphoryla-
tion of both p70 and p85 S6 kinases (Fig. 3A). In contrast, Pim
protein kinases maintain these two kinases in the phosphory-
lated and active form. The activity of the Pim kinases may be
explained by the ability of these enzymes to phosphorylate and
activate a subset of TOR protein complexes, phosphorylate S6
kinase directly, and regulate the dephosphorylation of this
protein kinase or the activity and specificity of PKDI1.

Using RNA interference directed at Pim-2 that has been
validated in other cell lines, it is shown that the knockdown of
Pim-2 protein levels in PC3 Pim-2 cells markedly inhibits the
phosphorylation of 4E-BP1 (Fig. 3B; ref. 11). However, it had
no effect on the total cellular levels of 4E-BP1. This knockdown
occurs in the presence of rapamycin and wortmannin, where Pim
seems to be regulating 4E-BP1 phosphorylation. In contrast, this

A

rapamycin
wortmannin
EZrown in serum

c-myc

phospho 62 c-mye

phospho 58 ¢c-myc

Phospho-Serd73-AKT

small interfering RNA treatment had no effect on the levels of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in these
cells. These data confirm that Pim-2 can modulate the
phosphorylation of proteins that play a crucial role in controlling
protein synthesis in prostate cancer. We also show the ability of
overexpressed Pim-1 compared with Pim-2 to modulate the
phosphorylation in a similar if not identical fashion. This
regulation of protein synthesis may contribute significantly to
the ability of Pim protein kinases to enhance tumor growth.
Cap-dependent translation controls the level of multiple
proteins, including c-Myc, a protein that seems to collaborate
with Pim (32, 33). Under the conditions described above, we
evaluated the cellular levels of c-Myc and found that the level
of this protein is higher in the Pim-1 and Pim-2 transfectants
than in control PC3/neo cells (Fig. 4A). Growth factor

PC3/neo PC3/Pim-2 PC3/Pim-1

- - = - - + - - +

- -+ - - + - - +

- - -+ - -+ - -
— - — o w—

AKT
GAPDH
Pim-1
FIGURE 4. Regulation of c-Myc levels in
Pim-containing PC3 cells. A. To evaluate c-Myc Pim-2
levels, PC3/neo, PC3/Pim-1, and PC3/Pim-2 m-
were grown in RPMI, including 10% fetal bovine
serum, then serum-starved for 24 hours and
treated with rapamycin (80 nmol/L) and wort-
mannin (20 nmol/L) for an additional 24 hours 0.5
before harvesting. Extracts were run on SDS- g 045
PAGE gels. The membrane was stripped and ZI' 0.4 o c-
probed with antibodies specific for c-Myc, phos- 2 035 B g
pho-Ser®2, phospho-Thr®®, phospho-Ser*”® k=
AKT, AKT, and GAPDH, a loading control. B. & 93 T
To measure the level of c-Myc mRNA in PC3 7 025 i
cells, mRNA was extracted as described in % 0.2 [
Materials and Methods and subjected to quan- s 0.15
titative reverse transcription-PCR. The level of g2 7
c-myc mRNA was compared with GAPDH and k= 0.1
expressed as a ratio for each sample. The 2 005
experiment was repeated with three individual Q

RNA samples and was done in triplicate.
Columns, mean; bars, SD.
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starvation or rapamycin and wortmannin treatment decreased
the level of c-Myc in control cells. Likewise, these treatments
inactivated the endogenous AKT phosphorylation that is
elevated in PC3 cells. These manipulations had little effect on
the level of c-Myec in the Pim-containing cells. Phosphorylation
of ¢-Myc on Ser® by the action of the extracellular signal-
regulated kinase pathway stabilizes the protein, whereas GSK-
3B phosphorylation of Thr’® targets the protein to ubiquitin-
mediated degradation (34, 35). Serum starvation of PC3/neo
cells or treatment with wortmannin and rapamycin increased
phosphorylation of Thr’® while decreasing phosphorylation of
Ser®?. In the Pim-1 and Pim-2 transfectants, these treatments
had no significant effect and Ser®? remained phosphorylated.
The combined treatment with rapamycin and wortmannin
clearly inhibited the activity of the AKT protein kinase in all
cell lines (Fig. 4A). It has been shown previously that c-Myc in
which Ser®® is phosphorylated, but not unphosphorylated
c-Myc, functions to transform normal human fibroblasts
transfected with human telomerase and Ras®'?Y and is
responsible for activation of the E2F promoter (36). Activated
c-Myc can increase the transcription of elF-4E, further
enhancing protein synthesis (37-39). Thus, it is possible that
modulation of the phosphorylation and, hence, the levels of
c-Myc by Pim may be important in its mechanism of action and
the regulation of tumor cell growth.

To evaluate the possibility that the mechanism by which Pim
regulates c-Myc protein levels is through increasing c-Myc
mRNA, we did quantitative PCR. The levels of c-Myc were
normalized to GAPDH and the experiment was repeated on
three independent samples. The results show that control cells,
Pim-2, and Pim-2 K/A cells have very similar levels of c-Myc
mRNA (Fig. 4B). In contrast, we find that the Pim-1 cells seem
to have increased levels of c-Myc mRNA when compared with
the other three cell lines. Student’s ¢ test comparing the levels
of c-Myc with the control cells shows a P value of 0.03,
suggesting only modest statistical difference. It has been
suggested that the biological activities of Pim-1 and Pim-2
are different (11). Pim-2 functions in the cytoplasm and
stimulates the Cot kinase to enhance the activity of nuclear
factor-kB (40). In contrast, we have found that Pim-1, when
transfected into 293T cells or in stained human Burkitt’s
lymphoma cells, is located in the nucleus (27). Thus, it is
possible that Pim-1 could regulate c-Myc mRNA levels in a
different manner than Pim-2.

The phosphorylation of serine PP2A results in the
dephosphorylation of c-Myc on Ser®, thereby allowing its
Thr®-directed protein ubiquination and degradation (36). The
degradation of c-Myc blocks its cell cycle— and growth-
promoting activity, inhibiting its ability to regulate transcrip-
tion. The serine phosphatases also have been shown to play an
important role in regulating protein synthesis in yeast (41). Pim
has been shown to coimmunoprecipitate with the catalytic
subunit of PP2A (42), suggesting that Pim might regulate the
activity of this phosphatase. Using a colorimetric assay for
PP2A that was validated by demonstrating its inhibition with
okadaic acid and sodium fluoride (Fig. 5A), we measured PP2A
activity in the four PC3 cell lines (Fig. 5A). This experiment
showed that the Pim-1 and Pim-2 transfectants exhibited a
significantly lower level of PP2A activity than the PC3/neo
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FIGURE 5. Expression of Pim-1 or Pim-2 regulates PP2A activity in
PC3 prostate tumor cells. A. Cells (2.5 x 10°) were harvested in Tris-
HCI-buffered saline, centrifuged, and then sonicated in 500 pL buffer
[10 mmol/L Tris-HCI (pH 7.5), 1 mmol/L EDTA, and 0.02% sodium azide].
The phosphatase assay was carried out as described in Materials and
Methods. As controls, either sodium fluoride (50 mmol/L) or okadaic acid
(5 pmol/L) was added to cell extracts before beginning the assay.
Columns, mean of triplicate determinations; bars, SD. 1, PC3/neo; 2,
PC3/Pim-2 K/A; 3, PC3/Pim-2; 4, PC3/Pim-1; 5, PP2A catalytic subunit.
B. 1 x 10° cells were lysed in 50 mmol/L Tris-HCI (pH 7.4); 150 mmol/L
NaCl; 1 mmol/L EDTA; 1 mmol/L phenylmethylsulfonyl fluoride; and
1 ng/mL each of aprotinin, leupeptin, and pepstatin. The extracts were
immunoprecipitated with an antibody to the «-subunit of PP2A. The
immunoprecipitates were run on a 10% SDS-PAGE gel, transferred to
polyvinylidene difluoride membranes, and probed with antibodies to the
a-subunit of PP2A or an antibody to the p-subunit B56vy. Arrows, a- and
B-subunits and the 1gG light and heavy chains.

control cells. Interestingly, the PC3/Pim-2 K/A cells had a
slightly lower level of phosphatase activity than PC3/neo
controls, possibly suggesting that this protein could interact
with PP2A in the absence of kinase activity. Recent evidence
(43) has shown that polyoma small-T antigen inhibits PP2A
activity by causing the dissociation of the catalytic and
regulatory subunits of this phosphatase. To investigate this
possibility, we immunoprecipitated the PP2A «-subunit and
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then Western blotted with an antibody to the B-component of
the complex, B56+y. Our results show that the overexpression of
Pim-1 or Pim-2 compared with the PC3/neo cells caused
apparent disassociation of these two subunits. However, the
total levels of B56y do not change in these cells (Fig. 5B). This
dissociation could function to inhibit PP2A activity, and thus
indirectly regulate the phosphorylation of c-Myc as seen in
Fig. 4A. By modulating c-Myc phosphorylation and thus its
degradation, Pim protein kinases can function to enhance the
activity of c-Myc and potentially to stimulate transit through the
cell cycle.

The TOR pathway and phosphorylation of 4E-BP1 are
critical to the growth of tumors (26, 44). Multiple enzyme
abnormalities in tumor cells affect this pathway, including
increased activity of AKT (45, 46) and mutation of TSC1 and
TSC2 (47, 48). Normally, the phosphorylation of the 4E-BP1
protein and the p70S6 kinase is stimulated by the AKT protein
kinase through a TOR-dependent pathway (19, 49). The
phosphorylation of p70S6 kinase causes phosphorylation of
the S6 protein and stimulates protein synthesis. Phosphorylation
of 4E-BP1 on Thr'’ and Thr*® potentiates the further
phosphorylation of 4E-BP1 on Ser’®, dissociating this protein
from elF-4E. Free elF-4E stimulates Cap-dependent protein
translation of a large number of proteins, including c-Myc. Pim
family members can phosphorylate the sequence RRRLS/T
(50), which is similar to that modified by AKT, RXRXXS/T
(51), suggesting that they could affect similar pathways.
However, the observation that rapamycin blocked AKT-
mediated TOR phosphorylation, but not Pim-mediated phos-
phorylation of 4E-BP1, suggests that the mechanisms by which
Pim affect the pathway differ from AKT. It may be inferred,
however, that the effect of Pim on PP2A could also be crucial in
regulating protein synthesis.

There has been recent interest in the development of
rapamycin analogues as treatment regimens for tumors in
which PTEN is deleted (52-56) or as drugs that could sensitize
tumors to other chemotherapeutic agents (20). Clearly, tumors
that overexpress Pim would be resistant to both of these
approaches. Knowledge of the level of overexpression of Pim
in tumors may help in planning chemotherapy regimens.
Additionally, targeting the Pim kinases with small molecule
inhibitors may play a critical role in cancer therapy.

Materials and Methods
Materials

Rapamycin, wortmannin, and antibodies to wild-type and
phosphorylated forms of 4E-BP1, phospho-Ser*”® AKT, AKT,
and p70S6K were purchased from Cell Signaling Technologies
(Beverly, MA). Okadaic acid was obtained from Invitrogen
(Carlsbad, CA). Monoclonal Pim-2 and Pim-1 antibody were
generated by immunization with a 20—amino acid peptide
corresponding to the carboxyl terminus of the Pim-2 and Pim-1
protein. Antibodies were purified by affinity chromatography
using peptides covalently liked to 4B Sepharose (Amersham,
Piscataway, NJ). Anti-flag M2 was purchased from Eastman
Kodak Company (New Haven, CT). Additional antibodies used
include c-Myc (Santa Cruz Biotechnology, Santa Cruz, CA),
phospho-Ser®® (Abcam, Cambridgeshire, United Kingdom),
phospho-Thr*® (Cell Signaling), a-subunit of PP2A (6F9;
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Covance, Berkeley, CA), an antibody to the B-subunit B56y a
gift of Dr. William Hahn (Harvard Medical School, Boston,
MA), and GAPDH (Chemicon, Temecula, CA), a loading
control.

Plasmids

The murine pim-1 and pim-2 cDNAs were PCR amplified
using primers with EcoRI and Xhol restriction site at their ends
and cloned into the PCDNA.3.1 expression vector (Invitrogen).
A kinase-dead mutant form of pim-2 expression vector (pimK/A)
was generated by mutating Lys'?® to alanine using the Quik
Change Site-Directed Mutagenesis kit (Stratagene).

Cell Culture and Transfection

PC3 cell lines were maintained in RPMI 1640 containing
10% FCS penicillin/streptomycin. PC3 cells were transfected
using Effectene (Qiagen, Valencia, CA) according to the
instructions of the manufacturer. For derivation of cell lines
after 48 hours, the culture medium was switched to the same
medium supplemented with 1,000 pg/mL Geneticin. For
rapamycin treatment of stable and transiently transfected cells,
all cell lines were first placed in serum-free medium for 24
hours and then fresh serum-free medium was added before
addition of 80 nmol/L rapamycin.

Western Blot Analysis

Cell extracts were prepared by lysing cells in a buffer
containing 20 mmol/L Tris (pH 7.5),150 mmol/L NaCl, 1 mmol/
L EDTA,1 mmol/L EGTA, 1% Triton X-100, 2.5 mmol/L
sodium PPi,1 mmol/L B-glycerolphosphate, 0.5% NP40,
1 mmol/L Na3;VOy, 1 pg/mL leupeptin, and protease inhibitor
cocktail (Sigma Chemical, St. Louis, MO). The lysates were
incubated on ice for 15 minutes followed by centrifugation for
10 minutes at 4°C. To the supernatant was added with 5X
Ficoll and the mixture was heated at 100°C for 5 minutes. The
cell extracts were resolved by 12% SDS-PAGE and then
transferred to Immobilon-P membrane filters (Millipore, Bed-
ford, MA).

Cell Cycle Analysis

Twenty-four hours after culturing prostate cancer cell lines
in normal medium, they were transferred to serum-free medium
and cultured for 24 additional hours. The tumor cells were then
treated with 80 nmol/L rapamycin or DMSO for 18 hours and
subjected to propidium iodide staining. The percentage of cells
in different phases of the cycle was determined by fluorescence-
activated cell sorting analysis.

Tumor Growth Curve

Subcutaneous tumor xenografts were established in nude
mice by injecting tumor cells (2 X 10"®) subcutaneously in four
locations on each mouse. Seven days after transplantation,
tumor measurements were begun in a blinded fashion with five
mice per group or 20 total tumors.

Phosphatase Assay
Cells (2.5 x 10% were harvested in Tris-HCl—buffered
saline, centrifuged, and then sonicated in 500 pL buffer
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[10 mmol/L Tris-HCI1 (pH 7.5), 1 mmol/L EDTA, and 0.02%
sodium azide]. A 250 pL aliquot of the homogenate was
applied to a G25 column to decrease the levels of free
phosphate, and the flow through subjected to a PP2A
colorimetric assay following the instructions of the manufac-
turer (Promega, Madison WI) and using the PP2A-specific
buffer. As controls, either sodium fluoride (50 mmol/L) or
okadaic acid (5 pmol/L) was added to cell extracts before
beginning the assay.

RNA Interference

A short interfering RNA for Pim-2 (5-GGGATAGATGGA-
CATCTGTTGAA-3') that had been previously validated (11)
was purchased from Ambion (Austin, TX) and transfected into
PC3 cells at a concentration of 100 pmol using Lipofect AMINE
2000 (Invitrogen). Thirty-six hours later, the serum was
withdrawn for 24 hours and then rapamycin (80 nmol/L) and
wortmannin (20 nmol/L) were added for an additional 48 hours.

RNA Isolation and Quantitative Reverse Transcription-
PCR

Total RNA (0.5 pg per reaction) was reverse transcribed into
cDNA utilizing random primers (Promega). AMV Reverse
Transcriptase II enzyme (500 units per reaction; Promega) was
used for first-strand synthesis and Tfl DNA Polymerase for
second-strand synthesis (500 units per reaction; Promega) as
per the protocol of the manufacturer. In each case, 50 pg of
cDNA was used per ensuing PCR reaction. Two-step
quantitative reverse transcription-PCR was done on cDNA
generated using the MultiScribe Reverse Transcriptase from the
TagMan Reverse Transcription System and the SYBR Green
PCR Master Mix (Applied Biosystems, Foster City, CA).

The primer pair for c-Myc was generated from the published
c-Myc sequence (accession no. NM_002467). Forty cycles of
PCR were done under standard conditions using an annealing
temperature of 56°C. In addition, GAPDH was amplified as a
housekeeping gene to normalize the initial content of total
cDNA. Here, c-Myc expression was calculated as the relative
expression ratio between c-Myc and GAPDH and was
compared for each condition. As a negative control, quantita-
tive reverse transcription-PCR reactions without cDNA tem-
plate were also done. All reactions were run thrice in triplicate.
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The Pim protein kinases are a group of
serine threonine protein kinases that regulate
important cellular signaling pathways including
TOR and NF-kB, and enhance the ability of c-
Myc protein to induce lymphomas. We
demonstrate that a cascade of events control
the cellular levels of Pim-1 protein kinase. We
find that Pin1, a propyl isomerase, is capable of
binding Pim-1 and leads to a decrease in the
level of this protein. Additionally, we show that
overexpression of PP2A catalytic subunit
(PP2Ac) decreases the activity, phosphorylation,
and the protein level of Pim-1. This effect is
reversed by the application of okadaic acid, an
inhibitor of PP2A, and is blocked by small T
antigen that is known to dissociate PP2A
subunits. Pim-1 does not bind to the A or C
subunits of PP2A, but can coimmunprecipitate
with the B5S6p subunit, but not B56a, v, 9, € or
B5Sa. The binding of the BS6f subunit to Pim-1
decreases its interaction with the A subunit.
Using shRNA targeted at B56, we demonstrate
that decreasing the levels of this protein
increases the half-life of Pim-1 from 0.7 to 2.8
hrs. This shRNA also decreases the level of
ubiquitinylation of Pim-1. Based on these
observations, we hypothesize that
phosphorylated Pim-1 binds Pinl allowing the
interaction of PP2A through the B56f subunit.
Dephosphorylation of Pim-1 then allows for
ubiquitinylation and protein degradation of
Pim-1.

The Pim family of serine/threonine protein
kinases were initially identified as a target for
proviral activation by Moloney murine leukemia
virus (1,2). The Pim proteins have been implicated
in the control of tumorigenesis, the cell cycle, and
apoptosis (3-6). In animal models, Pim protein
kinase have been shown to enhance development
of lymphoma and prostate cancers, to be induced
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by c-Myc and Akt, and to be overexpressed in
hepatocellular cancer (1,2,7,8). In humans, the
protein levels of Pim have been shown to be
elevated in lymphomas (9), leukemias (10), and
prostate cancer (11,12). It is thought that Pim
inhibits apoptosis by phosphorylating the BAD
protein on S112, enhancing the binding and
sequestering by 14-3-3 proteins, and enhancing the
activity of Bcl-2 (13-15). Alternatively, Pim has
been shown to regulate NF-kB activity and thus
downstream proteins that play a role in apoptosis,
i.e. Bax (16). The suggestion that Pim plays a role
in the cell cycle comes from experiments that
demonstrate  that Pim  protein  kinases
phosphorylate and regulate important cell cycle
proteins including Cdc25A (17), p2lwaf (18),
NuMA (19), C-TAK1 (20), and Cdc25C (20).
Although overexpression of Pim appears to
shorten the cell cycle (21), the exact biochemical
mechanism by which Pim regulates the cell cycle
has not been defined.

Because overexpression of Pim may
regulate cancer growth or progression, the
mechanism by which the levels of Pim proteins are
controlled is important. Both Pim-1 and -2
proteins levels are elevated transcriptionally by the
application of IL-3, GM-CSF, IL-7, and other
cytokines to cells (5). This transcriptional
induction appears to be regulated by the
JAK/STAT/SOCS family of proteins (22).
Additionally, there may be a feedback where Pim
proteins phosphorylate SOCS-1 increasing its half-
life and blocking growth factor signals (23,24).
Mitogen stimulation can regulate the stability of
Pim protein kinase mRNA (25). Once increased,
Pim protein kinases have a relatively short half-
life (about 10 min). This suggests that the
degradation of Pim proteins may play a crucial
role in regulating the half-life of this protein. Both
HSP70 and 90 have been implicated in the
stabilization of this protein (26,27), and more



recently the phosphatase PP2A (28) and
ubiquitinylation (26) has been suggested to play a
role.

PP2A is a heterotrimeric protein with an A
subunit that serves as a scaffold that binds the
catalytic subunit (C) and the regulatory subunit
(B). These then interact directly with varied
proteins. The A and C subunits each exist in two
isoforms, while there are 25 different B subunits
which have been identified falling into four
families, including B, B’, B’’, and B’”.
Combinations of these subunits lead to the
possibility  of  75-100  different  protein
phosphatases that account for 30-50% of cellular
phosphatase activity. PP2A has been shown to
regulate varied cellular properties including
proliferation, growth, differentiation and apoptosis
(29-32).

A critical role for PP2A in transformation
has been suggested by the observation that SV-40
small T (ST) antigen, which is necessary for the
transformation of human cells along with SV-40
large T, hTERT, and H-Ras, dissociates PP2A.
Loss of the ability of ST to inhibit PP2A blocks its
transforming ability. Elevation of the PP2A B56v;
subunit reverses this effect and blocks
transformation, suggesting that this phosphatase
acts as a tumor suppressor (33). In addition, PP2A
binds the adenomatous polyposis coli (APC)
tumor suppressor (34) and cyclin G (35). A further
suggestion for the important role of PP2A in
human neoplasia comes from the observation that
human cancers, e.g. breast cancer, harbor
mutations in the A subunit that prevent binding of
either the B or C subunit and thus inhibit PP2A
activity (36).

PP2A has also been shown to play a
significant role in controlling apoptosis (37).
PP2A C subunit knockout mice die in early
embryogenesis and in all organisms examined the
C subunit is necessary for cell survival (38). In rat
PC6-3 cells suppression of the Aa subunit induced
both apoptotic and nonapopototic cell death
(39,40). Further control of apoptosis may come in
the form of regulation of pro- and anti-apoptotic
molecules. PP2A dephosphorylates and alters the
activity of the BH3 proteins BAD, and causes the
dephosphorylation of Bcl-2 in a ceramide-
dependent fashion (41,42). Many additional
proteins  implicated in cell survival or
transformation have been shown to be regulated
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by PP2A, including MAPK, Wnt,
phosphatidylinositol 3-kinase, NF-kB, PKC, and
calcium/calmodulin dependent kinase (29,31,43).

The ability of PP2A to modulate the
dephosphorylation of c-Myc, and thus control its
degradation, depends on the binding and
regulation of c-Myc by the Pinl propyl isomerase.
Isomerization of proline residues by this protein
has been shown to promote dephosphorylation of
the molecule by PP2A (44,45). Pinl appears to
play a significant role in cellular transformation.
Pinl binds Ser/Thr-Pro motifs through its WW
motif and binds to a diverse set of substrates,
including Cdc25 and Tau (46,47). Pinl regulates
the activity of p53 (48). In Pinl (-/-) fibroblasts,
pS3 activates a diminished set of substrates.
Overexpression of Pinl confers transformed
properties on mammary epithelial cells and
inhibition of this molecule suppresses Neu/Ras
transformed phenotypes in these cells (49).

Because of the importance of Pim-1 cell
levels to its ability to potentially control cell
apoptosis and enhance transformation, we have
studied the biochemical control of Pim-1 levels in
some detail. We find that PP2A regulates the level
of Pim-1 and this effect is blocked by ST and
okadaic acid, two inhibitors of PP2A. Although
there are multiple PP2A B subunits, PP2A B56f3
subunit appears to bind strongly to Pim-1. The
B56p subunit is found in a complex with Pinl, and
overexpression of Pinl decreases the level of Pim-
1. The B56p protein regulates the level of Pim-1
ubiquitinylation and thus controls the level of this
protein. These data suggest a complex regulation
of Pim-1 protein which could be targeted during
transformation.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Anti-Flag M2
Agarose, protease inhibitor cocktail, N-
ethylmaleimide, okadaic acid, and cycloheximide
were purchased from Sigma (St. Louis, MO). The
protein A/G agarose was obtained from
Calbiochem (La Jolla, CA), anti-HA antibody
from Abcam (Cambridge, MA) and the anti-
GAPDH antibody from Chemicon (Temecula,
CA). The anti-His antibody was purchased from
Qiagen (Valencia, CA), and both anti-Pim-1
(12H8) and anti-Pim-2 (1D12) antibodies were



obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). [*P] orthophosphate and [y->*P] ATP
were obtained from Perkin Elmer (Wellesley, MA),
recombinant PP2A and histone H1 from Upstate
(Chicago, IL), and mouse IL-3 from R&D
Systems (Minneapolis, MN). Bortezomib (Velcade,
PS-341) was agift of Millenium, Inc. (Cambridge,
MA).

Cell Culture and Transfetion—Human
embryonic kidney (HEK) 293T cells were grown
in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS)
and penicillin-streptomycin at 37°C in 5% CO,.
Cells were plated to achieve 50 to 70% confluence
24 h prior to transfection. Transfections were
performed using Effectene (Qiagen, Valencia, CA)
according to the instructions of the manufacturer.
Transfected cells were maintained in DMEM
supplemented with 10% FBS, except in shRNA
experiments, in which they were maintained in 2%
or 0.2% FBS for the indicated time periods. The
murine hematopoietic cell line, BaF3, was cultured
in RPMI 1640 medium supplemented with 10%
FBS and 1 ng/ml mouse IL-3.

Plasmids—Constructs encoding pD30-PP2A-
FLAG-A, pD30-PP2A-HA-C, small hairpin RNA
(shRNA) B56B have been described previously
(44). Expression vectors for pPCEP4HA-B56q, -B, -
v, -0, and &, were a generous gift from David
Virshup (Huntsman Cancer Institute, University of
Utah) (50). pCEP-small-T-antigen expression
vector was kindly provided by William C. Hahn
(Dana-Farber Cancer Institute, Harvard Medical
School)  (33). pcDNA3/Flag-Pim-1(murine),
pcDNA3/Flag-Pim-2(murine), pcDNA3/HA-Pim-
I(murine) have been described previously (21).
pcDNA3/HA-Pinl was a gift from Ilan R. Kirsch
(Research Oncology, Amgen, 1201 Amgen Court
West, AWI1-J4144, Seattle, WA) (51). HA-
ubiquitin was a gift from Mathias Treier
(European  Molecular  Biology  Laboratory,
Heidelberg, Germany) (52). shRNA Pinl
(TRCN0000001034) was purchased from Sigma.

Western Blotting— Cell extracts were
prepared by lysing cells in a buffer containing 50
mM Tris-HCI (pH 7.5), 150 mM NaCl, 5 mM
EDTA, 1 mM EGTA, 1% NP-40, 1 mM B-
glycerolphosphate, 1 mM NaF, 1 mM Na;VOy,
ImM DTT, and protease inhibitor cocktail
(Sigma). The lysates were incubated on ice for 15
minutes followed by centrifugation for 10 minutes
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at 4°C. The supernatant was subjected to protein
concentration detection by using the DC (detergent
compatible) Protein assay kit (Bio-Rad, Hercules,
CA). Then, the supernatant was combined with 4x
Laemmli’s SDS-sample buffer and the mixture
was heated at 100°C for 5 minutes. The cell
extracts (50-100 pg) were resolved by SDS-PAGE
and then transferred to Immobilon-P membrane
filters (Millipore, Bedford, MA). Membranes were
blocked in 5% BSA (or non-fat milk) in TBS
buffer. Primary antibodies were in 5% BSA (or
non-fat milk), 0.1% Tween20, TBS and were
detected with  HRP-conjugated  secondary
antibodies using the ECL reagents from
Amersham (Piscataway, NJ).

Immunoprecipitations—Cleared cell lysates
were incubated with either anti-Flag M2 Agarose
for 3 h or HA antibody for 3 h followed by the
addition of protein A/G agarose for 1 h.
Immunoprecipitates were washed three times with
cold RIPA buffer (50 mM Tris-HCI, pH 7.4, 1%
NP-40, 0.1% SDS, 0.25% Na-deoxycholate, 150
mM NaCl, 1 mM EDTA, 1 mM Na;VO,, 1 mM
NaF, protease inhibitor cocktail).

Detection of Ubiquitinylated Pim-1—The
method has been described previously (45).
Briefly, HEK-293T cells were contransfected with
Iug CMV-HA-ubiquitin, 1pg pcDNA3/Flag-Pim-
1, and 4 ng either shARNA-empty or shRNA-B56f3
plasmids for 48 h. Cells were washed once with
cold PBS and lysed with RIPA buffer containing
standard protease and phosphatase inhibitors, with
the addition of the de-ubiquitinase inhibitor 5 mM
N-ethylmaleimide (Sigma) at a cell-to-volume
ratio of 1x10° cells ml". Ubiquitinylated proteins
were immunoprecipitated from cell lysates with an
anti-Flag M2  agarose for 3  hours.
Immunoprecipitates were washed once with low-
stringency buffer containing PBS, 0.1% NP40 and
all inhibitors contained in the RIPA buffer.
Immunoprecipitated proteins were then separated

by SDS-PAGE, blotted to Immobilon-P
membranes and detected with the indicated
antibodies.

In vitro Kinase Assay— HEK-293T Cells
were transfected with Flag-Pim-1, and PP2Ac or
empty vector, as indicated. For the Pim-1
immunoprecipitation experiments, 1 mg of total
cellular lysate in a total volume of 0.5 ml of lysis
buffer was incubated with anti-Flag M2 Agarose
and mixed at 4°C for 3 h. The beads were



collected by centrifugation, unbound protein
removed by multiple washes in PBS and then
resuspended in kinase reaction buffer (10 mM
MOPS, pH7.4, 100 uM ATP, 15 mM MgCl,, 1
mM Na;VO,, 1 mM NaF, ImM DTT, and protease
inhibitor cocktail). In each reaction system (30 pl),
3 pg of histone H1 protein (Upstate) was used as
substrate, and 10 pCi of [y-*P] ATP were then
added and incubated at 30°C for 30 min with
agitation. Labeled protein was then resolved on a
16% SDS-PAGE, the gel dried and then exposed
to film.

Dephosphorylation Assay —To examine
dephosphorylation of Pim-1 in vivo, HEK-293T
cells were transfected with Flag-Pim-1, and either
PP2Ac or empty vector, as indicated for 36 h, then
washed once and incubated with phosphate-free
media containing 10% phosphate-free
FBS(Invitrogen, Carlsbad, CA) for 1 h. Then, cells
were incubated 4 h in medium containing 50
puCi/ml [**P] orthophosphate. For
immunoprecipitation, anti-Flag M2 Agarose was
added to each cell lysate sample, followed by 3 h
incubation on a rocker at 4°C. Immunoprecipitates
were then washed three times in lysis buffer,
followed by heating at 100°C for 5 min in SDS
sample buffer prior to SDS-PAGE.

To study the in vitro dephosphorylation of
this enzyme, the cells were washed once and then
incubated with phosphate-free media containing
10% phosphate-free FBS for 1 h. HEK-293T cells
transfected with Flag-Pim-1 were incubated 4 h in
medium containing 50 uCi/ml [*P]
orthophosphate. For immunoprecipitation, anti-
Flag M2 Agarose was added to each cell lysate
sample, followed by 3 h incubation on a rocker at
4°C. Immunoprecipitates were washed once in
phosphatase buffer (50 mM HEPES, pH7.5, 0.5%
bovine serum albumin, and 1 mM DTT), and then
resuspended in 40 pl of the same buffer.
Recombinant PP2A (A/C dimmer) (Upstate,
Chicago, IL) was then added and incubated at
30°C for 30 min with agitation. The reaction was
terminated by washing twice in 50 mmol/L
HEPES, pH8.0, followed by heating at 100°C for
5 min in SDS sample buffer in preparation for
SDS-PAGE.

Pim-1 Half-life—First, 100-mm dishes of
HEK-293T cells were transfected with varied
plasmids for 24 h. Then each transfection mixture
was split into six 60-mm dishes, maintained for 24
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h in DMEM supplemented with 10% FBS, and
then starved in DMEM supplemented with 0.2%
FBS for 48 h. Cells were treated with 100 pg/ml
cycloheximide 5 min prior to starting the indicated
time course, and cells were collected at the
indicated points.

Cell Proliferation detection by using a
modified MTT assay (MTS)—BaF3 cells were
transfected with 2 pg shRNA-empty vector or
shRNA-B56f for 48 h. Cell number of each
transfection mixture was counted and seeded in
96-well dishes at 1,250 cells/well. After 48 hours,
the total cell number was determined by a

modified 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) assay
(CellTiter 96 AQueous One Solution Cell

Proliferation Assay (MTS); Promega, Madison,
WI). Metabolically active cells were quantified by
the Dbioreduction of the MTS tetrazolium
compound by recording absorbance at 490 nm
using a microplate reader. Results were calculated
from the average of three separate experiments and
are reported as the percentage of treated cells
relative to the cells in control wells (% Control).

RESULTS

Increased PP24A  Activity  Negatively
Regulates Pim-1 Protein Levels—To further
characterize the role of PP2A in regulating Pim-1
protein levels, we examined the effects of
increasing cellular PP2A activity on Pim-1 protein
levels. We coexpressed the cDNAs for Pim-1 or
Pim-2 with increasing amounts of PP2A catalytic
(PP2A-HA-C) subunit (53,54). As shown in Fig.
1A, increasing amounts of PP2A-HA-C reduced
both Pim-1 and Pim-2 protein levels. As a
negative control, the PP2A-HA-C did not reduce
the protein levels of RUNXI1. Okadaic acid is a
strong inhibitor to PP2A with lesser activity
against PP1 (55). Treatment of Pim-1 transfected
293T cells with okadaic acid dramatically
increased the level of Pim-1(Fig.1B). This data
demonstrates that the level of both Pim kinases is
negatively regulated by the activity of PP2A.

PP2A4  Dephosphorylates Pim-1 both in
vivo and in vitro, and Decreases Pim-1 Kinase
Activity—PP2A  is  one of the major
serine/threonine phosphatases implicated in the
regulation of multiple cellular processes. PP2A
controls the activity of at least 50 different protein



kinases (31,43). The Pim-1 kinases are known to
be phosphorylated on multiple serine and
threonines sites (56). To determine whether PP2A
can directly dephosphorylate Pim-1 kinase, both in
vivo and in vitro dephosphorylation assays were
performed. 293T cells were labeled with [**P]
orthophosphate after transfection with cDNAs
encoding PP2Ac and Pim-1 and the amount of
phosphorylated Pim measured by
immunoprecipitation followed by SDS-PAGE.
The in vivo results demonstrate that cotransfection
of Pim-1 and PP2Ac can decrease the
phosphorylation level of Pim-1 protein when
compared to the transfection of Pim-1 alone
(Fig.2A). Because it is possible that the effect of
PP2Ac is indirect, Pim-1 was labeled with [**P] in
vivo, immunoprecipitated and then incubated in
vitro with recombinant PP2A (A/C dimmer). This
assay demonstrated that PP2Ac can directly
dephosphorylate Pim-1 protein (Fig.2B). To
examine whether the phosphorylation of Pim-1
regulates its activity, Pim-1 immunoprecipitates
from 293T cells were subjected to a kinase assay
using histone H1 as a substrate. Fig.2C
demonstrates that cotransfection with Pim-1 and
PP2Ac can decrease the kinase activity of Pim-1
compared to the transfection of Pim-1 alone.
Taken together, these results demonstrate that
PP2Ac can dephosphorylate Pim-1 and decrease
Pim-1 kinase activity.

PP24 B56p Associates with Pim-1 in vivo
—In vivo, PP2A is a holoenzyme consisting of an
A, B and C subunit. The A subunit functions as a
scaffold while the B subunit specifies substrate
recognition. SV40 small T antigen (ST) can
compete with the PP2A B55a subunit and some
B56 subunits for binding to the PP2A-A and -C
subunits and thus inhibit PP2A activity (32,33). To
examine whether small T could inhibit the ability
of PP2A to decrease Pim-1 levels, the cDNA
encoding small T protein was cotransfected with
Pim-1 and PP2Ac (Fig.3A). The result showing
that small T can indeed block the destruction of
Pim-1 suggests that PP2 Ac must associate with the
A and B subunits of the enzyme to decrease Pim-1
levels.

To evaluate whether Pim-1 directly
interacts with one of these subunits we examined
the ability of this enzyme to coimmunoprecipitate
with A, B or C subunits. We did not find any
interaction with either A, C or B55a (data not
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shown). Next we focused on the role of B56
family in the regulation of Pim-1 by PP2A.
Regulatory B subunits usually associate with the
substrate and facilitate the C subunit to
dephosphorylate the target protein. This prompted
us to determine which B56 subunit can interact
with Pim-1 kinase. Cells were cotransfected with
pcDNA3/Flag-Pim-1 and either HA-tagged B56a.,-
B,-v,-0,-¢ subunit or empty control. As shown in
Fig.3B, Pim-1 coimmunoprecipitated with anti-
HA antibody only in the presence of the B56f3
subunit (Fig.3B upper panel). Alternatively, when
Pim-1 is immunoprecipitated with anti-Flag beads,
only the B56f subunit is co-immunoprecipitated
with Pim-1 (Fig.3C upper panel). These
coimmunoprecipitation results reveal that among
the B56 family members, only B56f can associate
with Pim-1 in vivo. This suggests that the PP2A
holoenzyme associate with Pim-1 through the
B56p regulatory subunit.

To further study the role of BS6p we have
used a specific sShRNA to decease the expression
of the B56f (44). We demonstrated in Fig.4A that
the shRNA B56f specifically reduced expression
of B56F but not other B56 subunits. The
constransfection of Pim-1 with increasing amount
of either shRNA B56f or vector control
demonstrates that increasing the knockdown of
B56p protein, further increased Pim-1 protein
levels. The control shRNA vector did not affect
the Pim-1 expression (Fig.4B). To determine
whether PP2A-B56f can regulate the stability of
Pim-1 protein, we transfected Pim-1 and then
incubated cells with cycloheximide to block
further protein synthesis. As shown in Fig.4C,
knockdown of B56p significantly decreases the
rate of Pim-1 protein degradation and increases the
half life of Pim-1 from 0.7 h to 2.8 h. Together
these results suggest that BS6p is likely the major
regulatory B subunit responsible for targeting
PP2A activity to Pim-1.

B56p  Affects the Level of Pim-1
Ubiquitinylation—In the case of the c-Myc protein,
dephosphorylation of the protein by PP2A leads to
ubiquitinylation and protein degradation (45). To
evaluate whether B56P activity is important for
Pim-1 ubiquitinylation, we examined the effect of
B56P knockdown on Pim-1 ubiquitinylation levels.
To allow us to compare levels of protein
ubiquitinylation, 293 T cells transfected with Pim-1
were treated with the proteasome inhibitor



Bortezomib (57) for 6 h to prevent the degradation
of Pim-1 protein. Fig4D shows that
ubiquitinylation of Pim-1 is decreased upon B56f3
knockdown when compared to the control group,
although the total levels of Pim-1 was increased
upon shRNA-B56B treatment. These results
revealed that the increase of Pim-1 protein levels
upon knockdown of B56B is due in part to
decreased Pim-1 protein ubiquitinylation.

The Pinl Prolyl Isomerase Associates with
Pim-1 in vivo and Facilitates Pim-1 Degradation
—As reported, PP2A is a conformation-sensitive
protein  phosphatase, preferring the trans
configuration of proline residue adjacent to the
phosphor-serine or -threonine in substrates (46).
The prolyl isomerase Pinl can catalyse the
isomerization of proline residues in phospho-
proteins to promote their dephosphorylation by
PP2A (47). We therefore evaluated whether Pim-1
could bind Pinl and whether the later could affect
the levels of Pim-1. As shown in Fig.5A, Pim-1
can coimmunoprecipitate Pinl when both are
transfected into 293T cells, Interestingly Pim-1
can bind and coimmunoprecipitate Pinl and B563
simultaneously suggesting that they form a
complex in vivo. Fig.5B (upper panel)
demonstrates that by using the shRNA we can
decrease the Pinl expression approximately 70%.
We next examined whether Pinl expression
affected the level of Pim-1 protein by using
shRNA targeting Pinl. Knock-down of Pinl by
using shRNA led to a 2-3 fold increase in Pim-1
protein levels. These results are consistent with the
model that phospho-Pim binds Pinl leading to a
configuration change that encourages the binding
of PP2A, dephosphorylation of the protein leading
to ubiquitinylation and degradation.

B56p Associates with the Hinge Region of
Pim-1 and Pim-1 Associates with ASBD of B56—
To identify the binding site of B56p on the Pim-1
protein, we prepared deletion mutants of Pim-1, as
indicated in Fig.6A. The HA-tagged B56p was
expressed in 293T cells along with the Flag-tagged
full length- or deleted Pim-1 protein and the Pim-1
proteins immunoprecipitated. Fig 6B demonstrates
B56p coimmunprecipitates with full length (1-
313), AN (69-313), AC (1-250), and AC (1-177)
Pim-1, but not with AN (140-313). These results
indicate that the amino acid residues 70-139 of
Pim-1 are responsible for the interaction to B5S6p.
This sequence contains the hinge region (121-126)
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of the Pim-1 protein kinase which includes the
ATP binding pocket (58). Next, we analyzed
which region of the B56p bound to Pim-1. We
prepared deletion mutants of B56f, as indicated in
Fig.6C.  Coimmunoprecipitation  experiments
demonstrated that full length (1-497), AN (76-497),
AN (138-497), AC (1-467), and AC (1-390) B56f3
all formed a complex with Pim-1 (Fig.6D). This
result suggested that the overlapping area between
these clones which contains the regions of 206-
389 that interacts with the A subunit (ASBD,
PP2A-A subunit binding domain 1 and 2) (59)
could be the domain that interacts directly with
Pim-1. As seen in Fig. 6E, the ASBD domain can
bind directly to Pim-1. Since A subunit and Pim-1
both bind to the B56f, we then examined whether
there is a competition between these two proteins
for binding to B56B. As shown in Fig.6F, in
immunoprecipitates of the A subunit we found less
B56p coimmunoprecipitating if Pim-1 was
included in the transfection (compare middle lane
with Pim-1 to right lane without). This result
suggests that Pim-1 binding to the B56f inhibits
interaction of the A and B subunit.

Endogenous Pim-1 Protein Levels are
Decreased by PP24 Overexpression —To
examine whether the PP2A-B56B regulates
not only transfected Pim-1 levels but the
endogenous Pim-1 protein levels, we have
used the murine hematopoietic cell line BaF3,
which contains a measurable level of
endogenous Pim-1 protein (60). Fig.7A shows
that increasing cellular PP2A activity via
transfection can decrease endogenous 33 and
44 kDa Pim-1 protein levels. In contrast,
Fig.7B and C show that the addition of
okadaic acid or shRNA B56f can increase the
endogenous Pim-1 protein levels while the
control shRNA had no effect. In
hematopoietic cells, Pim-1 is involved in
cytokine-dependent signaling via its ability to
regulate activities of transcription factors,
enhance hematopoietic cell survival, and
participate in the regulation of the cell cycle
(5). We used a modified MTT assay to detect
the effect of knockdown of B56B on BaF3
cells proliferation. As shown in Fig.7D,
knockdown of B56B can increase the cell
proliferation by 37% when compared to



control shRNA empty vector transfected cells.
This result may be due to the increase of Pim-
1 protein levels induced by the knockdown of
B56p protein, although other targets for this
subunit cannot be ruled out.

DISCUSSION

We demonstrate in 293T cells transfected
with Pim-1 and Pim-2 ¢cDNAs, as well as in Ba/F3
cells expressing endogenous levels of Pim-1, that
the overexpression of the PP2Ac subunit decreases
the level of Pim proteins. These results extend the
work of Losman JA et al. (28) who have
demonstrated similar findings for Pim-1 and -3.
This effect of PP2Ac is reversed by both okadaic
acid, a known inhibitor of the PP2A complex and
additionally the ST protein of SV-40 (32). ST is
thought to dissociate the PP2A complex by
binding to the A subunit and displaced a B subunit
from the A subunit (61) leading to cellular
transformation. This result suggests that the entire
enzyme, not only the C subunit is needed to
decrease Pim-1 levels (see below). By labeling
cells with **P-orthophosphate in the presence of a
proteasome inhibitor, we have been able to
demonstrate that PP2Ac actually dephosphorylates
the Pim-1 protein. [In vitro recombinant PP2A
(A/C dimmer) is able to accomplish the same
effect on Pim-1, replicating the observation made
previously with Pim-3 (28). This decrease in
phosphorylation of Pim-1 is associated with a
decreased ability of Pim-1 to phosphorylate an
artificial substrate, suggesting that
phosphorylation of Pim-1 controls its activity.
Crystallography data has suggested that that Pim-1
autophosphorylates and is active without an
additional protein kinase cascade controlling its
ability to modify substrates (56). It is interesting
that Pim-1 has been shown to transform cells in
concert with both c-Myc (8,62,63) or Akt (3), and
that the levels of both of these proteins are
regulated by PP2A (64-66).

PP2A is targeted to specific substrates
through its B subunit. The ST protein targets the
PP2A-B56y; protein while c-Myc interacts with
the B56a subunit. The activity of ceramide on Bcl-
2 is thought to be mediated through the B56a
protein  (42). We demonstrate by co-
immunoprecipitation, even in the presence of 2%
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NP-40, that the B56f subunit of PP2A interacts
strongly with Pim-1. The suggestion that B56 is
important is further strengthened by experiments
in which shRNA B56f into either 293T or BaF3
cells and the level of either transfected or
endogenous Pim-1 protein is elevated. Cutbacks
in the B56[3 subunit demonstrate that a fragment of
the protein from 206 to 379 binds to the Pim-1
protein. This is a region that is approximately
70% conserved among B subunits; a similar region
of this B subunit interacts with the A subunit of
PP2A (59). By transfecting 293T cells with the
B56p subunit, the A subunit and Pim-1, we
demonstrate that Pim-1 can actually compete with
the A subunit for B56f subunit binding. This data
suggests a model whereby the PP2A holoenzyme
binds to Pim-1 and dephosphorylates the protein.
The Pim-1 protein, through interaction with the B
subunit, inhibits the B subunit binding to A
subunit, then decreases the activity of PP2A. We
have demonstrated an effect of Pim-1 on PP2A
activity in prostate cancer cells (21). One could
hypothesize that overexpressed Pim-1 might
enhance transformation by decreasing the activity
of the PP2A enzyme.

Shay et al. (26) have demonstrated that
Pim-1 is conjugated to ubiquitin and that
inhibition of the proteasomal degradation
increases its half-life. We show that decreasing
the level of B56f subunit by shRNA decreases the
ubiquitinylation of Pim-1 and increases the half-
life of this protein from 0.7 to 2.8 h. These results
suggest that the degradation of Pim-1 could be
regulated in a similar fashion to c-Myc and other
proteins(45). In this case, PP2A
dephosphorylation leaves a partially
phosphorylated protein, for example c-Myc with
T58 phosphorylated, that is an excellent target for
a specific E3 ligase. We have mutated Ser189 of
Pim-1, that is a potential autophosphorylation site
of Pim-1(67) but did not detect any change in half-
life, suggesting that further mapping of the Pim-1
phosphorylation sites will be important to
understanding the regulation of the levels of this
protein.

Coimmunoprecipitation experiments
demonstrate that the B56B subunit can bind to
Pim-1 in the region between amino acids 70-139.
This region contains the hinge portion of the
protein between the two lobes and the ATP
binding pocket (58,68,69). Our results do not



exclude the possibility that B56f competes with
ATP to interact with this portion of the protein.
We demonstrate that Pinl and B56p form a
complex with Pim-1. Murine Pim-1 contains five
potential SP docking sites for Pinl. In murine
Pim-1, two of these SP sites are located close
together S55 and S61. The presence of two closely
phosphorylated SP motifs, for example in c-Myc
and RNA polymerase II, increases the binding
affinity and catalytic efficacy of Pinl towards
these substrates (45,70). Further experiments will
be necessary to map the phosphorylation sites on
Pim-1, the potential binding sites of Pin-1, and the
sites dephosphorylated by PP2A.

Transfection of the shRNA of B56f into
BaF3 cells increases the levels of Pim-1 and
enhances the growth of these cells as measured by
the MTS assay. Previously we have shown in
human prostate cancer cells that overexpression of
Pim-1 shortens the cell cycle and increases the
growth rate of these cells. It is possible that the
increased levels of Pim-1 are inducing changes in
the cell cycle leading to increased cell numbers.

However, different mechanisms could be operative.

B56p may bind to other substrates and regulate the
cell cycle using a mechanism separate from Pim-1.

Our data suggests the possibility that Pim-1
levels are being regulated in a similar fashion to c-
Myc (44,45). Pinl binds to phosphorylated Pim-1
and enhances the ability of the PP2A holoenzyme
to bind to the complex through the B56f protein.
PP2A dephosphorylates Pim-1 protein, and
decreases  its  activity. The  partially
phosphorylated protein is then ubiquitinylated and
degraded by the proteasome. Additional
experiments will be necessary to completely
validate this model and examine whether in human
neoplasms this mechanism is defective leading to
increased levels of Pim protein.
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FIGURE LEGENDS

FIGURE 1. Pim-1 protein levels are negatively regulated by PP2Ac.A, Increased cellular PP2A activity
decreases Pim-1 and Pim-2 protein levels. HEK-293T cells were contransfected with 0.5 pg pcDNA3/
Pim-1(murine) (or Pim-2, RUNX1) and increasing amounts of pD30-PP2A-HA-C, 0.5 pug, 1 pgto 2 ug,
as indicated. Control empty pcDNA3 vector was added to ensure that the total amount of plasmid DNA
per transfection was the same. Whole-cell lysates were collected at 36 h post-transfection. Western
blotting was carried out using anti-HA (for PP2Ac), anti-Pim-1, anti-Pim2, and anti-His to detect RUNX1
as a control. B, Inhibition of PP2A activity by Okadaic acid (OA) enhances the Pim-1 protein levels.
HEK-293T cells were transfected with 0.1 pg pcDNA3/Pim-1. At 4 h before harvesting, transfected cells
were either treated with ethanol (-), or increasing amounts of OA, 25 nM, 50 nM to 100 nM, as indicated.
Whole-cell lysates were collected at 36 h post-transfection.

FIGURE 2. PP2A dephosphorylates Pim-1 both in vivo and in vitro, and decreases Pim-1 kinase activity.
A, In vivo dephosphorylation assay. HEK 293T cells were cotransfected with 2 pg pcDNA3/Flag-Pim-1,
and either pD30-PP2A-HA-C or empty vector, as indicated. After 36 h transfection, the Flag-Pim-1
proteins were labeled by incubating the cells in media containing [**P] orthophosphate for 4 h followed by
the immunoprecipitation of Flag-Pim-1 proteins. The immunoprecipitates were analyzed by
autoradiography. B, In vitro dephosphorylation assay. HEK 293T cells were transfected with 2 pg
pcDNA3/Flag-Pim-1. The [**P] orthophosphate labeled Flag-tagged immunoprecipitates were treated
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with or without 1 unit recombinant PP2A (A/C dimmer) in vitro phosphatase reactions, and analyzed by
autoradiography. C, In vitro kinase assay. HEK 293T cells were transfected with 2 pg pcDNA3/Flag-Pim-
1 and the indicated amount of PP2Ac. The Flag-tagged Pim-1 immunoprecipitates were used in a kinase
assay with histone H1 as a substrate. A no-substrate reaction was used as a negative control (data not
shown).

FIGURE 3. Pim-1 specifically associates with B56B in vivo. A, PP2A holoenzyme formation is required
to negatively regulate Pim-1 protein levels. HEK-293 cells were cotransfected with 0.5 pg pcDNA3/Pim-
1, with or without 0.5 pg pCEP-SV40 small T antigen, plus increasing amounts from 1 pg to 2 pug of
pD30-PP2A-HA-C, as indicated. Whole-cell lysates were collected at 36 h post-transfection. B, Pim-1
coimmunoprecipitates with the B56f subunit. Pim-1 was contransfected with 0.5 pg HA tagged B560, -B,
-y, -9, -¢ subunits into 293T cells. Whole-cell lysates were collected at 48 h posttransfection and
immunoprecipitated with anti-HA beads. 5% of the lysates were saved for input detection and 50% of the
immunoprecipitation samples were analyzed by Western blotting with anti-HA for B56 subunits, and
anti-Flag for Pim-1. C, B56 coimmunoprecipitates with Pim-1. The experiment was carried out similarly
to Fig.3B except that the cell lysates were immunoprecipitated with anti-Flag beads and western blotted
with the appropriate antibodies as identified.

FIGURE 4. Knockdown of B56 increases Pim-1 protein stability and decreases Pim-1 uniquitinylation.
A, Vector-expressed shRNA B56p specifically targeted to B56p, but not other B56 subunits. HEK-293T
cells were contransfected with 0.5ug of either pPCEP4HA- B560, -B, -v, -0, or &, as indicated, and 1.5 pg
pSUPER-shRNA expression vector (empty vector or targeted to B56p). Cells were maintained in DMEM
supplemented with 2% FBS for 72 h. Lysates were prepared and normalized. Immunoblots were probed
for indicated B56 subunits with anti-HA antibody. B, Knockdown of B56 mRNA results in increased
Pim-1 expression. HEK-293 cells were cotransfected with 0.2 ug pcDNA3/Pim-1, and increasing
amounts from 0.5 pg to 2 ug of pPSUPER-shRNA expression vector [empty (—) or targeted to PP2A B56p].
Cells were maintained for 72 h and lysates prepared and normalized. C, Stability of Pim-1 protein is
increased upon B56f knockdown. 100-mm dishes of HEK-293 cells were cotransfected with 1 pg
pcDNA3/Pim-1, and 4 pg shRNA-empty or sShRNA-B56 for 24 h. Each transfection mixture was split
into six 60-mm dishes with 10% FBS for 24 h and then starved in 0.2% FBS for 48 h. Cells were treated
with 100 pg/ml cycloheximide (CHX), and cell lysates were prepared at the indicated time points after
treatment. Pim-1 protein levels were quantified relative to GAPDH levels and graphed as percent Pim-1
protein remaining after cycloheximide treatment. Protein half-life was calculated using the Excel
(Microsoft) graphing function. D, Ubiquitinylated Pim-1 protein is decreased by B56f knockdown. HEK-
293T cells were contransfected with CMV-HA-ubiquitin, pcDNA3/Flag-Pim-1, and shRNA-empty or
shRNA-B56p for 48 h. Cells were then maintained in DMEM containing 1% FBS with 1 pM Bortezomib
for 6 h. Cells were harvested and lysates were divided for immunoprecipitaion with anti-Flag beads or for
input detection. 5% of the lysates sample was used for input detection and 50% of the
immunoprecipitation samples were analyzed by Western blotting with anti-ubiquitin antibody and anti-
Pim-1.

FIGURE 5. The Pinl Isomerase Associates with Pim-1 and B56p Facilitates Pim-1 Degradation. A, HEK-
293T cells were contransfected with 1 ug CMV-HA-Pinl, and (or) 1 ng pcDNA3/Flag-Pim-1, 1 pg
pCEP4HA-B56p, as indicated. Anti-Flag immunoprecipitations were carried out on cleared lysates. 5%
percent of the extract was used to measure transfected protein levels while 50% of the
immunoprecipitates were analyzed by Western blotting with anti-HA for the B56p, Pinl, and anti-Pim-1.
B, Knockdown of Pin1 results in increased Pim-1 expression. (Upper panel)HEK-293T cells were
contransfected with 0.5 pg HA/Pinl, and increasing amounts from 1 pg to 2 ug of shRNA-Pinl (Sigma
Mission shRNA, Cat No. TRCN0000001034). Cells were maintained in DMEM supplemented with 2%
FBS for 72 h. Lysates were prepared and normalized for Western blotting. (Bottom panel) Cells were
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contransfected with 0.2 pg pcDNA3/Pim-1, and increasing amounts from 1 pg to 2 pg of shRNA-Pinl.
Cells were maintained in DMEM supplemented with 2% FBS for 72 h.

FIGURE 6. Identification of Pim-1 domain responsible for banding to B5S6 and the binding properties of
B56p deletion mutants to Pim-1. A, Structural domains of Pim-1 and Pim-1deletion mutants use in these
experiments are represented as black bars. B, The B56f binds the hinge region of Pim-1. The HA-B56f3
(full length) was contransfected into HEK-293T cells with mock or the indicated Flag-tagged Pim-1
deletion mutants. The Flag-tagged Pim-1 proteins were immunoprecipitated and immunoblotted with
anti-HA antibody to detect B56p or anti-Flag to measure Pim-1. C, Structural domains of B56f and B563
deletion mutants used in these experiments are represented as black bars. D, Identify the binding domain
in B56P responsible for associating with Pim-1. The Flag-Pim-1(full length) was contransfected into
HEK-293T cells with indicated HA-tagged B56f deletion mutants. The Flag-Pim-1 proteins were
immunoprecipitated and the SDS-PAGE immunoblotted with anti-HA antibody to recognize B56f or
anti-Flag to measure Pim-1. E. ASBD (206-389, A subunit binding domain 1 and 2) in B56f can bind to
the Pim-1. F. Pim-1 inhibits B56p binding to A subunit. The Flag-A subunit, HA-B56f with or without
HA-Pim-1 were cotransfected into HEK-293T cells. The Flag-tagged A subunit was immunopricipitated
and the SDS-PAGE immunoblotted with anti-HA antibody to recognize B56p and Pim-1 or anti-Flag to
measure A subunit.

FIGURE 7. Endogenous Pim-1 Protein levels are modulated by PP2Ac and B56p. A, Increased cellular
PP2A activity decreases endogenous Pim-1 protein levels. BaF3 cells were transfected with increasing
amounts from 0.5 pg, 1ug to 2 pug of pD30-PP2A-HA-C, and control empty pcDNA3 vector was added to
ensure that the total amount of plasmid DNA per transfection was the same. Whole-cell lysates were
collected at 36 h post-transfection and western blotted for Pim-1 levels. B, Inhibition of PP2A activity by
Okadaic acid (OA) enhances endogenous Pim-1 protein levels. BaF3 cells were either treated with
ethanol (-), or increasing amounts of OA ranging from 25 nM, 50 nM to 100 nM, as indicated, for 4 h. C,
Knockdown of B56[ results in increased endogenous Pim-1 expression. BaF3 cells were transfected with
increasing amounts from 0.5 pg to 2 pg of pPSUPER-shRNA expression vector [empty control or targeted
to B56P]. Cell extracts were analyzed by western blotting. D, The effect of knockdown of B56P on BaF3
cell growth was analyzed by a modified MTT assay (MTS). BaF3 cells were transfected with either 2 pug
of shRNA-empty or shRNA-B56 and allowed to grow for 48 h. 1,250 cells were then seeded in 96-wells
in triplicate. After 48 hours, the cell viability was determined by MTS assay. Data shown is the means of
three independent experiments; Error bars shown are the standard error with a student T-test indicating a
significant difference P<0.05(*), comparing experimental with the control group.
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FIGURE 2
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FIGURE 3
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FIGURE 4

A
g @ B
§ @
tagged 5 3
gT ¥ @ shRNAempty  shRNA B56B
- 2 ShRNA(MgDNA) 0 05 1 2 0 05 1 2
BO6a | - - Pim-1(0.2ugDNA)  + + + + + + + +
.| B56R Pim-1 L ———
I — —— — D @— e
| BSY e - Sape - =
B565 | s am
| BO6E |wm- w—
C Cycloheximide(100ug/ml) D 2 2
minutes 0 15 30 60 120 180 g 2
Pim-1 [ - - - - < <
shRNA empt zZ
Gapdh | eesesm—c— Pty § Y
S 6
GPim(;; WE@m e = | shRNA B56B Flag-Pim-1 + + -
apadh|S———— IP:Flag(Pim-1) B | ubiquitinylated
IB:Ubiquitin .'!j Pim-1
. Pim-1 half-life IP:Flag,IB:Flag /g 4
- A Lysate:Pim-1 s s
= i
% 50 . ]
=
S
£
o
N
«shRNA B56 B .t(1/2)=2.8h
Asﬁ’é’f&@e]rr?p@ﬁ(%pmh b

10
0 1 2
Time(hrs)



FIGURE 5
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FIGURE 6
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	 Introduction 
	The purpose of this research is to (1) determine using human prostate cancer samples whether Pim is over expressed in tumors with normal PTEN levels, (2) decipher the biochemical mechanism of action by which Pim regulates growth of prostate cancer cells, and (3) to use transgenic mice to understand whether Pim over expression is necessary for c-Myc induced growth of prostate cancer cells.  The scope of this research involves studying normal prostate epithelial cells in tissue culture, malignant human prostate cancer cell lines, and nude mice with subcutaneous tumors, and transgeneic mice specifically expressing these genes in mice.  The research sponsored by this proposal has led to the publication of an article in Molecular Cancer Research, and a paper accepted in Oncogene both dealing with the mechanism of action of the Pim-1 protein kinase. 
	 
	Task 1 - The goal of this task was to determine how Pim-1 levels are regulated in prostate cancer tissues.   In the first year of this proposal we have seen that Pim appears to interact with PP2A.  This is an important interaction because it suggests that an enzyme, PP2A, that controls both the c-Myc and TOR pathways may also be regulating Pim protein kinase.   
	To evaluate the effect of PP2A on the levels of Pim we transfected 293T cells and prostate cells (data not shown) with Pim proteins and also with HA-PP2Ac.   
	Now we demonstrate that PP2A levels appear to control the levels of Pim-1.  This result can be seen in Figure 1 where increases in PP2A led to decreases in Pim-1 protein levels. Thus, increases in PP2A activity enhance both the degradation of Pim-1 and the c-Myc protein.  This could suggest that in tumors the levels of PP2A must be regulated to modulate prostate cancer tumor growth.   
	   
	 
	Task 2- The goal of this next task was to understand how PP2A is interacting physically with the Pim-1 protein.  The PP2A protein is composed of an A, B, and C subunit.  The A subunit works as a scaffold, while the B subunit targets this phosphatase to specific substrates, and the C subunit is the catalytic moiety.  To discover how Pim is regulated by PP2A we have incubated Pim with varied PP2A beta subunits.  We find that Pim-1 binds tightly to the B56beta subunit as shown in this coimmunoprecipitation experiment illustrated below in Figure 3.   
	 
	 
	 
	To examine what portion of the Pim-1 molecule bind to PP2A we generated cut backs in Pim-1 protein cDNA and expressed these in cells along with PP2A.  We find by this technique that the sequence between 140 and 177 is essential for the interaction of these two proteins.  This result is illustrated in Figure 4.    These studies demonstrate the close physical interaction between PP2A beta subunit and Pim-1.   
	 
	Figure 4 Identification of Pim-1 domain responsible for banding to B56β. (a) Structural domains of Pim-1 and Pim-1 deletion mutants use in these experiments are represented as black bars.  (b) B56β binds the hinge region of Pim-1. HEK-293T cells were cotransfected with the HA-B56β (full length) along with the empty cDNA (mock) or the indicated Flag-tagged Pim-1 deletion mutants. The Flag-Pim-1 proteins were immunoprecipitated with anti-Flag beads and immunoblotted with anti-HA antibody to detect B56β or anti-Flag to measure Pim-1.  
	 Task 3- The goal of this next task is understand how Pim-1 is degraded.  To check whether Pim-1 might be regulated by ubiquination we transfected Pim along with an HA-tagged ubiquitin vector.   First, we demonstrated that Pim-1 is ubiquitinated so that the degradation of Pim-1 is clearly mediated by the proteasome.  Interestingly, the levels of ubiquitination of Pim-1 are mediated by the presence of absence of PP2A B56beta protein.  Knockdown of this subunit using RNAi clearly demonstrates that the ubiquitination of Pim-1 decreases (Figure 5) with inactivation of PP2A.  Thus, PP2A controls the levels of Pim protein by regulating ubiquitination.   
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